The purpose of this study was to improve the grindability of titanium by alloying with zirconium. The grindability of dental cast Ti-Zr alloys (10, 20, 30, 40 and 50 mass% Zr) was evaluated using a carborundum wheel. The Ti-Zr alloys up to 30 mass% Zr formed an structure, and the 40 mass% Zr and 50 mass% Zr alloys formed an 0 structure. The Ti-40 mass% Zr alloy at up to 1000 m/min and the Ti-50 mass% Zr alloy at up to 1250 m/min exhibited significantly higher grindability than titanium. More than twice the volume of metal was removed from the alloys than from titanium per minute. The improved grindability could be attributed to the 0 structure in addition to the decrease in elongation. The Ti-Zr alloys, which formed an 0 phase structure, are candidates for use as machinable biomaterial in dental applications.
Introduction
As a dental biomaterial, titanium has a reputation for offering excellent biocompatibility and corrosion resistance. However, it is considered one of the most difficult metals to machine (cut or grind).
1) The poor machinability of titanium leads to a long processing time and short tool life. 1) Therefore, improving the machinability of titanium will encourage practical dental applications of titanium. Furthermore, improved machinability may also promote the application of titanium using dental CAD/CAM.
We investigated the machinability of various experimental binary titanium alloys. [2] [3] [4] [5] [6] The grindability of some Ti-Ag, Ti-Cu, and Ti-Nb alloys was superior to that of titanium. 2, 3) The common features of alloys with favorable grindability were not only a decreased elongation but also the existence of a secondary phase. For example, the Ti-Ag, Ti-Cu or Ti-Nb alloys precipitated a Ti 2 Ag, Ti 2 Cu or ! phase in the matrix, respectively. The precipitated secondary phase might work as a local brittle zone similar to the free-machining inclusions of free-machining materials. 7) On the other hand, the grindability of Ti-Hf alloys that formed a single phase did not improve, although their elongation decreased. 5) Zirconium is known to show chemical and physical properties that are similar to titanium. According to the equilibrium phase diagram, 8) the Ti-Zr system is anisomorphous system, and there is no solubility limit for Zr in the titanium matrix. Zirconium improved the strength and hardness of titanium and decreased its elongation. [9] [10] [11] [12] [13] [14] [15] Many studies have reported that Ti-Zr binary alloys showed superior corrosion resistance and biocompatibility when compared with titanium. [16] [17] [18] [19] Ho et al. investigated the grindability of Ti-Zr alloys up to 37 mass% Zr, which formed a single phase, and reported that the 37 mass% Zr alloy had better grindability than titanium at low speed 14) (hereafter, mass% is expressed as %). The alloy phases of Ti-Zr alloys varied according to the compositions and cooling conditions. 20, 21) If the cooling rate from the -region is fast enough, an acicular or lath-like martensite is formed. The martensite has a distorted hexagonal crystal lattice, similar to that of , and is referred to as 0 . 22, 23) The alloy phases for the Ti-Zr alloys have been reported to be as follows: for dental cast TiZr alloys with 39 to 85% Zr (25 to 75 mol% Zr), a martensitic structure 0 ; 10) for quenched alloys with Zr ! 30%, þ ; 13, 24) and for quenched 60% Zr (50 mol% Zr) alloys, a precipitated hexagonal crystal structure of the !. 25) Phase transformations or the existence of secondary phases for the Ti-Zr alloys may drastically improve the grindability of titanium.
In the present study, the grindability of dental cast experimental Ti-Zr alloys up to 50% Zr was evaluated and compared with that of titanium. X-ray diffractometry (XRD) and microstructural observations of cast alloys were also performed to characterize the relationship between the grindability and the alloy phases.
Experimental Procedure

Preparation of specimens
Experimental binary titanium alloys with 10, 20, 30, 40 and 50% Zr were examined. Titanium was included as the control in this study. The desired amounts of titanium sponge (>99:8%, grade S-90, Sumitomo Titanium Corp., Amagasaki, Japan) and zirconium sponge (>99:6%, Toho Technical Service Co., Ltd, Chigasaki, Japan) were melted into one, 15 g button for each alloy in an argon-arc melting furnace (TAM-4S, Tachibana Riko, Sendai, Japan). Each button was melted six times and inverted five times to ensure alloy homogeneity.
Each alloy was cast into a plate pattern (3:5 mm Â 8:5 mm Â 30:5 mm) using a magnesia investment (Selevest CB, Selec, Osaka, Japan) in an argon gas-pressure dental casting machine (Castmatic-S, Iwatani, Osaka, Japan) at 200 C and then bench-cooled. Prior to testing, all the surfaces (approximately 250 mm) of each casting were ground to remove the hardened surface layer, producing specimens measuring 3:0 mm Â 8:0 mm Â 30 mm. Three specimens were made for each metal.
2.2 X-ray diffractometry and microstructural observation XRD was performed using Cu K radiation generated at 30 kV and 15 mA in an X-ray diffractometer (Miniflex CN2005, Rigaku, Tokyo, Japan). The peaks on the XRD patterns were indexed using the powder diffraction file (PDF-2, JCPDS-ICDD 2004).
The specimen surfaces were polished and etched with an etching solution (1.0 ml HF, 4.0 ml HNO 3 and 300 ml H 2 O). The etched surfaces were observed using an optical microscope (PMG3-614U, Olympus, Tokyo, Japan).
Grinding test
A carborundum wheel [#4 (diameter 15.8 mm, thickness 1.6 mm), Shofu, Kyoto, Japan] placed on an electric dental handpiece (LM-I, GC, Tokyo, Japan) was used to grind the experimental metals as in previous studies.
2-5) A 3.0 mm thick cross section of the specimens was ground for one minute at one of five circumferential speeds, i.e., 500, 750, 1000, 1250 or 1500 m/min, at 0.98 N.
Grindability was evaluated as the volume of metal removed per minute (grinding rate) and the volume ratio of metal removed compared to the wheel material lost (grinding ratio), which was calculated from its diameter loss. The grinding rate and the grinding ratio are related to the processing time and tool life, respectively. The test was performed twice for each specimen and grinding speed. A new wheel was employed for every test. The results (n ¼ 6) were statistically analyzed by one-way ANOVA and the Tukey HSD test at a significance level of ¼ 0:05. After the grinding test, the metal chips, surfaces of the wheels, and ground surfaces of the metals were observed using a scanning electron microscope (JSM-6060, JEOL, Tokyo, Japan).
Hardness test
Bulk hardness was determined by a Vickers microhardness tester (HM-102, Akashi, Yokohama, Japan) with a 1.961 N (200 gf) load and 30 s dwell time. Three randomly chosen points of each specimen were measured. The results were statistically analyzed by one-way ANOVA and the Tukey HSD test at a significance level of ¼ 0:05.
Results
X-ray diffractometry and metallography
XRD patterns of the Ti-Zr alloys and titanium are displayed in Fig. 1 . The peaks in the XRD pattern for titanium matched the diffraction angles of titanium well. With an increase in the Zr concentration, the peaks slightly shifted to the low angle side. There was no indication that the phase or the ! phase was included in any of the present diffraction patterns.
The microstructures of the etched Ti-Zr alloys are shown in Fig. 2 . The microstructures of Zr 30% and Zr ! 40% were different. Coarse laths with a width of 1 to 3 mm could be seen in the specimen of the Ti-Zr alloys with Zr 30%. Fine laths of about 500 nm could be seen in the 40% Zr and 50% Zr alloys.
Grindability
The grinding rates of the Ti-Zr alloys at five different grinding speeds are shown in Fig. 3 . The grinding rates of the Ti-Zr alloys tended to increase as the concentration of Zr increased at 500 and 750 m/min. The rates for the alloys with Zr ! 30% were significantly higher (p < 0:05) than that for titanium at the low speeds. At 1000 m/min or above, the rates for the alloys with Zr 30% were not higher than that for titanium. On the other hand, 40% Zr alloys at 1000 m/min and 50% Zr alloys at 1000 m/min and 1250 m/min exhibited significantly higher grinding rates (p < 0:05) than titanium. The rates of the alloys were more than twice that of titanium.
The grinding ratios of the Ti-Zr alloys at five different grinding speeds are shown in Fig. 4 . The grinding ratios of the Ti-Zr alloys had large standard deviations, and no significant difference with titanium was found in any composition or grinding speed (p > 0:05). (80 to 150 mm in length) generally appeared to be somewhat smaller than that of the chips of titanium (150 to 200 mm in length). The size of the metal chips of the alloys with Zr ! 40% varied. Larger metal chips (approximately 200 mm in length), on the whole, were observed more frequently for these alloys. Wheel surfaces after the grinding test at 1000 m/min are shown in Fig. 6 . The adhesion of metal to the wheel surfaces was observed in a large area of the wheels used for titanium and the alloys with Zr 30% at high grinding speeds and the 40% Zr and 50% Zr alloys at the 1500 m/ min. A grinding burn (discoloration of the surface caused by the heat of grinding) 7) was found on the ground surfaces of these alloys. On the other hand, adhesion of metal was observed partly in the wheel used for the 40% Zr and 50% Zr alloys at 1000 and 1250 m/min, and a grinding burn was not observed on the ground surfaces of these alloys. No clear difference was noted in the appearance of the wheel and the ground surface among the Ti-Zr alloys and titanium at low grinding speeds. 
Hardness
The results of the hardness test for the Ti-Zr alloys are shown in Fig. 7 . The hardness of the Ti-Zr alloys increased as the concentration of the Zr increased, and it was significantly higher (p < 0:05) than that of titanium.
Discussion
Alloy phases
The XRD peaks for Ti-Zr alloys resembled the peaks for titanium. It is difficult to identify the differences between 0 and by XRD because the crystal structure of 0 is a slightly deformed crystal structure of , and 0 shows almost the same XRD peaks as . Therefore, the phases in this study were determined by microstructural observations, as in previous studies. 9, 10, 12, 13) The microstructures in the Ti-Zr alloy with Zr 30% resembled the typical acicular structure of titanium. 22, 23) On the other hand, the fine martensitic laths in the Ti-Zr alloy with Zr ! 40% closely resembled the martensite microstructures of 0 , which had been shown by E. Kobayashi et al. 10) and S. Kobayashi et al. 26) Judging from the microstructures, the alloy phase of Zr 30% was the phase, and the phase of Zr ! 40% was the 0 phase.
Mechanical properties
The Ti-Zr alloys became harder than that of titanium as the concentration of Zr increased. The increased hardness was caused by solid-solution hardening. The hardness of the alloys in this study was similar to that in previous studies. [10] [11] [12] Many studies have reported on the mechanical properties of Ti-Zr alloys.
9-15) Thus, we assume that the other mechanical properties were also similar to those in previous studies.
Grinding rates of Ti-Zr alloys with Zr 30%
One approach to improving machinability is to reduce the ductility of an alloy. 27, 28) The elongation of Ti-Zr alloys became lower than that of titanium as the concentration of Zr increased. [11] [12] [13] The grinding rates of the Ti-Zr alloys increased at low speed as the concentration of Zr increased, in other words, as their elongation decreased, and the rates of the 30% Zr alloy were significantly higher than those of titanium. These results were similar to those found by Ho et al.
14) The alloy with higher grinding rates produced smaller metal chips than that of titanium (Fig. 4) , as in previous studies. 2, 3) Despite the finer metal chips, the grinding rates of the TiZr alloy with Zr 30% tended to decrease at 1000 m/min or above. A decrease in the rate of metal chip formation (grinding rate) resulted in overheating and a grinding burn on the ground surfaces because the majority of the grinding heat is carried away with the metal chips. The reason for the decreased grinding rate was the occurrence of adhesion of metal on the wheel surface. The adhesion caused filling of the pores of the grinding wheel (loading) and obstructed selfdressing of the wheel. 7) Similar results were found for Ti-Au alloys. 4) 4.4 Grinding rates of Ti-Zr alloys with Zr 40%
The grinding rates of the alloys with Zr ! 40% increased drastically at 1000 m/min or above. In contrast to the Ti-Zr alloys with Zr 30%, adhesion of metal was seldom observed on the wheel used for the 40% Zr and 50% Zr alloys, and self-dressing of the wheel was not obstructed. Because the 40% Zr and 50% Zr alloys were harder and stronger than the 30% Zr alloy, [9] [10] [11] 40% Zr and 50% Zr would not work as well as 30% Zr for grinding. Although reduced elongation of the alloy helps improve machinability, 27, 28) the elongation did not decrease significantly from the 30% Zr to the 50% Zr alloy. [9] [10] [11] Unlike the cases of Ti-Ag or Ti-Cu alloys with better grindability, the metal chips of the 40% Zr and 50% Zr alloys were not smaller than those of titanium (Fig. 4) . Therefore, the abrupt increase in the grinding rate of the Ti-Zr alloys from Zr 30% to Zr ! 40% at high speed cannot be explained by their reduced elongation alone. One explanation for the abrupt increase could be a microstructural change because the phase (Zr 30%) changed to an 0 phase (Zr ! 40%). The alloy phase of 37% Zr alloy by Ho et al. was a single phase, and the grinding rates of the 37% Zr did not increase at high grinding speeds. 14) On the other hand, the alloy phase of the 40% Zr alloy in our study was the 0 phase, and the grinding rates increased significantly at high speeds. The strain rate and temperature differed between the grinding test and the tensile test. The 0 phase in the Ti-Zr alloys might show different mechanical properties at a grinding test and a tensile test. At the 1500 m/min, the rates of the alloys with Zr ! 40% were similar to that of titanium, and a grinding burn was found on the alloys. The grinding speed of 1500 m/ min was apparently too fast to grind the alloys.
Grinding ratios of Ti-Zr alloys
Although the mean values of the grinding ratios of some Ti-Zr alloys were higher than those of titanium, no significant difference between the Ti-Zr alloys and titanium was found with any composition or grinding speed because the ratios had large standard deviations. On the other hand, Ho et al. 14) found a significant difference in the grinding ratios in some compositions or grinding speeds despite achieving large standard deviations similar to those in our results. A discrepancy in the results could probably be attributed to a difference in the statistical procedures. Duncan's multiple comparison test, which was used by Ho et al., has high type I error rates and occasionally finds a statistically significant difference when no significant difference actually exists. 29) Many statisticians have said that Duncan's test cannot be recommended. 30, 31) Because no significant difference was found in the grinding ratio between the experimental Ti-Zr alloys and titanium, the addition of Zr to titanium did not help improve tool life. However, the addition of Zr helped improve processing time because the grinding rates of the Ti-Zr alloys were significantly higher than those of titanium. Therefore, Ti-Zr alloys, especially Zr ! 40%, had excellent grindability.
Conclusion
Dental cast Ti-Zr alloys with 40% Zr and 50% Zr formed an 0 structure. The Ti-40%Zr alloy at up to 1000 m/min and the Ti-50%Zr alloy at up to 1250 m/min exhibited significantly higher grindability than titanium. The improved grindability could be attributed to the 0 structure in addition to the decrease in elongation. Ti-Zr alloys, which formed an 0 phase structure, are candidates for use as machinable biomaterial in dental applications.
